SUMMARY The effects of milrinone, a new bipyridine inotropic agent, on the haemodynamic responses to treadmill exercise were studied in 12 patients with congestive heart failure. Four weeks' treatment with milrinone 20 mg daily produced an improvement in left ventricular function during exercise as reflected by significant increments in cardiac index and stroke volume index without change in pulmonary capillary wedge pressure. Systemic oxygen consumption, measured at submaximal exercise, also increased suggesting that the drug induced rise in stroke output was associated with improved skeletal muscle perfusion. Maximum exercise capacity increased. Importantly, the beneficial effects of milrinone on exercise haemodynamics and exercise tolerance were sustained throughout the four week treatment period. No drug related side effects occurred. After treatment with milrinone was stopped left ventricular function deteriorated to a level slightly, but significantly, worse than that before treatment.
Although treatment with diuretics effectively controls the congestive manifestations of heart failure, the search for agents that provide sustained improvement in left ventricular function has been disappointing. The value of digitalis remains controversial,' and despite the beneficial acute effects of vasodilators and beta adrenoceptor stimulants attenuation of responsiveness to these agents frequently occurs.24. The introduction of amrinone, therefore (a non-adrenergic inotropic agent) generated considerable interest. Amrinone is a bipyridine compound that improves left ventricular function in the short term,56 though long term benefit has not been confirmed in controlled studies.7 The clinical usefulness of amrinone is further limited by its toxic properties, which have led to thrombocytopenia and gastrointestinal intolerance in many patients treated with the drug. Accepted for publication 19 March 1985 parations9 and, importantly, does not appear to share the toxic properties of its parent compound.'0-12 In patients with heart failure, milrinone produces a prompt improvement in left ventricular function through a combination of positive inotropism and vasodilatation; long term benefit in terms of improved exercise tolerance has also been reported. [10] [11] [12] Placebo treatment, however, can have similar beneficial effects on exercise tolerance in heart failure,'3 and for this reason measurement of the haemodynamic responses to exercise is necessary to confirm sustained drug efficacy. In this report we describe the effects of milrinone on haemodynamic responses to treadmill exercise during treatment of patients with congestive heart failure.
Patients and methods

PATIENT SELECTION
The 12 patients included in this short term evaluation of milrinone had all undergone an acute haemodynamic study with the same drug at least three days previously (range 3-16 days). Table 1 summarises the patients' characteristics and selection criteria, which have been previously described. 14 Written CAD  III  10  31  120  2  M/55  CAD  III  27  16  250  3   M/45  CAD  II  44  24  80  4  M/54  CAD  III  13  23  80  5  M/64  CAD  III  NA  17  80  6   M/58   CCM  III  19  28  240  7  F/50  CCM  II  39  8  40  8  M/31  CCM  III  22  14  40  9  M/60  CAD  III  21  24  80  10   F/59   CCM  III  NA  25  160  11   M/53  CCM  III  23  8  120  12 M/64 CAD III 10 15 120 CAD, coronary artery disease; CCM, congestive cardiomyopathy; EF, angiographic ejection fraction (not available (NA) in two cases); LVEDP, left ventricular end diastolic pressure (measured in the supine position).
informed consent was obtained from each patient before inclusion in the study, which had been approved by the hospital ethical committee. Heart rate was monitored from a precordial lead. Arterial blood pressure was recorded from a cannula placed in the radial artery. A balloon tipped thermodilution catheter placed in the pulmonary artery was used to monitor pulmonary capillary wedge pressure and cardiac output (measured in duplicate using 10 ml of iced saline). All pressures were measured in the upright posture with reference to the sternal angle. This underestimated true left atrial pressure but ensured a constant zero level for all exercise tests. Arterial and mixed venous samples for gas analysis were drawn from the radial artery and the pulmonary artery respectively within one minute of the cardiac output measurements. Blood oxygen content, arteriovenous oxygen difference, systemic oxygen consumption index, and derived haemodynamic variables were calculated using standard formulae.
All patients were exercised on a treadmill. The Bruce protocol was used in seven cases but in the remainder, all of whom were more severely symptomatic, the less demanding Naughton protocol was used. The same exercise protocol was used throughout the study in individual patients. After 139 (9) 164 (11) 170 (12) 176 (13) 150 (11) 3 (n=12) 135 (10) 167 (14) 177 (15) 171 (13) 165 (13) NS 28 (n= II) 130 (7) 155 (9) 169 (14) 163 (11) 156 (10) 30 (n= 10) 131 (9) 151 (10) 158 (11) 166 (14) 158 (8) (4) 78 (4) 81 (4) 74 (4) 
p<-001
2 way analysis of variance p<0-05 p<0-001 p<0-001 p<0-001 p<0-05
Stroke volume index (milbeat per m2) (2) 30 (3) 32 (2) 33 (2) 25 (2) (Table   3 ). In all cases it was the early onset of fatigue and dyspnoea that limited exericise tolerance (6-9(0.8) 44 Timmis., Smyth, jewitt group.bmj.com on November 9, 2017 -Published by http://heart.bmj.com/ Downloaded from Exercise responses to milrinone in heart failure maximal exercise was not influenced by milrinone, but systemic oxygen consumption increased significantly (Table 3) . Exercise responses in other respects were unaffected. After milrinone (day 30)-Two days after milrinone withdrawal all variables with the exception of pulmonary capillary wedge pressure reverted towards pretreatment values and were not significantly different from these values at rest or during exercise. The pulmonary capillary wedge pressure, however, was always appreciably higher than pretreatment values, and the difference was significant for the measurements at peak exercise and one minute after peak exercise ( Table 2) .
DRUG RELATED SIDE EFFECTS
No drug related side effects occurred during the four week treatment period. In particular, the patients experienced no gastrointestinal symptoms, and there was no thrombocytopenia (<100 x 109/1). Mean plasma platelet concentrations (x 109/1) in 10 patients were 270(17) before milrinone treatment and 217 (17) after 28 days. This change was not statistically significant.
Discussion
This study has shown that milrinone treatment in heart failure is well tolerated and improves the haemodynamic response to treadmill exercise. Maximal exercise capacity is prolonged. Importantly, these beneficial effects are sustained during long term treatment. The data suggest that a drug induced increase in the perfusion of working skeletal muscle is largely responsible for the improvement in exercise tolerance.
The patients included in the present study had moderate to severe left ventricular dysfunction and were limited principally by exertional fatigue and dyspnoea. The main aim of this investigation was, therefore, to determine the effects of milrinone treatment on the haemodynamic responses to exercise. Information of this type is not currently available. Though milrinone increased cardiac index at rest, the changes in other resting measurements were not significant in contrast to the effects of acute milrinone challenge. 14 tened vascular tone or to the four to five hour delay between drug dosage and haemodynamic measurements in the exercise study. During exercise milrinone produced significant increments in cardiac index without affecting left ventricular filling pressure (as measured by pulmonary capillary wedge pressure). This must reflect an improvement in left ventricular performance. The heart rate response to exercise was not influenced by the drug indicating that the improvement in cardiac index was due entirely to an increase in stroke volume index. Precise analysis of the mechanisms of these beneficial haemodynamic effects is, however, not possible, but by inference from the acute responses at rest in the same group of patients it is likely that a combination of positive inotropism and vasodilatation was responsible for the changes observed. '4 The improvement in left ventricular performance during milrinone treatment was associated with an increase in systemic oxygen consumption at submaximal exercise. Previous investigators have also reported increments in exercise oxygen consumption in response to milrinone."l Systemic oxygen consumption is determined by cardiac output and oxygen extraction. Since the oxygen extraction of metabolising tissues is not impaired in patients with heart disease changes in systemic oxygen consumption usually reflect changes in cardiac output or, more precisely, changes in perfusion of the metabolising tissues. '6 During exercise the increased oxygen demand derives primarily from the extra requirements of working skeletal muscle. Thus our finding of a milrinone induced rise in systemic oxygen consumption suggests that the drug did not significantly alter the physiological distribution of arterial blood flow during exercise and that the increase in cardiac output was delivered where it was needed-to working skeletal muscle. This contrasts with the effects of vasodilators that do not always increase oxygen consumption or maximal exercise capacity in patients with heart failure.'7 18 In a recent study with felodipine (a vasodilating calcium antagonist) using a similar protocol we found a reduction in systemic arteriovenous oxygen difference at submaximal exercise such that oxygen consumption was unaffected despite increments in cardiac output.'9 It was argued from these data that felodipine, like hydralazine and prazosin,'8 might redistribute flow away from skeletal muscle during exercise. Milrinone does not share this potentially adverse effect and may, therefore, be of greater therapeutic value than vasodilators since systemic oxygen consumption is a major predictor of functional capacity in patients with heart failure.20
The beneficial effects of milrinone on exercise cardiac index and oxygen consumption must have accounted in part for the improvement in exercise Timmis, Smyth, Jewitt capacity measured in the present study. Previous investigators have reported a similar symptomatic improvement during milrinone treatment in heart failure.I0 12 Drug withdrawal, however, did not cause a significant deterioration in exercise capacity despite return of cardiac index and oxygen consumption towards control values. Thus other factors, apart from the direct effects of milrinone, must have influenced the changes in maximal exercise capacity observed in the present study. The importance of training and patient motivation, for example, is impossible to quantify, and this inevitably limits the sensitivity of serial exercise testing as a measure of drug induced changes in left ventricular function.2' More useful information is provided by direct haemodynamic measurements and gas analysis. Only in a randomised controlled study, however, can the independent effect of milrinone on exercise capacity be properly evaluated.
The natural history of congestive heart failure involves a variably progressive deterioration in left ventricular function that is often difficult to distinguish from drug tolerance in studies of this type. For this reason a four week treatment period was chosen since baseline cardiac status would not be expected to change appreciably during this relatively short period. Our data show that the improvement in exercise haemodynamics produced by milrinone was sustained during four weeks' treatment without evidence of tachyphylaxis. This finding, which accords with that of other investigators,' 0 12 is clearly of clinical importance for the long term management of heart failure and may distinguish milrinone from some other drugs commonly used in this condition. [2] [3] [4] Two days after milrinone had been withdrawn exercise haemodynamic variables returned towards control values confirming that the changes observed during treatment were a direct result of the drug intervention. Pulmonary capillary wedge pressure, however, which had not changed during treatment, was higher than control values after drug withdrawal even though diuretic dosage was constant throughout the study. The difference was significant only at peak exercise and one minute after peak exercise and may simply reflect the extra stress, compared with that before treatment, caused by the patients' endeavours to equal the peak exercise time achieved during milrinone treatment. (The potential influence of patient motivation on exercise tolerance has already been discussed.) Alternatively, the finding could indicate a deterioration in left ventricular function to a level worse than that before treatment. Deterioration of this type has been reported after amrinone withdrawal in long term studies22 (though this could not be confirmed in a larger placebo controlled study7), and, more recently, Sinoway et al observed a similar
